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Abstract 26 
Background and Aims The use of standard dynamic root architecture models to simulate root growth in soil 27 
containing macropores failed to reproduce experimentally observed root growth patterns. We thus developed a new, 28 
more mechanistic model approach for the simulation of root growth in structured soil.  29 
Methods In our alternative modelling approach, we distinguish between, firstly, the driving force for root growth, 30 
which is determined by the orientation of the previous root segment and the influence of gravitropism and, secondly, 31 
soil mechanical resistance to root growth. The latter is expressed by its inverse, soil mechanical conductance, and 32 
treated similarly to hydraulic conductivity in Darcy’s law. At the presence of macropores, soil mechanical 33 
conductance is anisotropic, which leads to a difference between the direction of the driving force and the direction of 34 
the root tip movement.  35 
Results The model was tested using data from the literature, at pot scale, at macropore scale, and in a series of 36 
simulations where sensitivity to gravity and macropore orientation was evaluated.  37 
Conclusions Qualitative and quantitative comparisons between simulated and experimentally observed root systems 38 
showed good agreement, suggesting that the drawn analogy between soil water flow and root growth is a useful one.  39 
  40 
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Introduction 41 
Due to high bulk densities in the subsoil, roots preferentially grow in the topsoil layer, where soil penetration 42 
resistance is low (Ehlers et al. 1983b; Gregory 2008). There is, however, evidence that a significant amount of plant 43 
available nutrients as well as water supplies are stored in the subsoil. Especially during drought periods or when the 44 
top soil layer is nutrient depleted these subsoil resources play an important role in plant nutrition and can help to 45 
reduce the amount of irrigation water and fertilizer needed (Gaiser et al. 2013; Kautz et al. 2013a; Kirkegaard et al. 46 
2007).  47 
The extent to which plants take up nutrients and water from the subsoil essentially depends on the fraction of roots 48 
that are able to penetrate this hard soil layer (Kuhlmann and Baumgärtel 1991). A possibility for roots to gain access 49 
to deeper, highly dense soil horizons is to use large sized macropores (diameters > 2 mm) as preferential pathways 50 
(Ehlers et al. 1983a; Kautz et al. 2013b; McKenzie et al. 2009; Stewart et al. 1999; Stirzaker et al. 1996). The 51 
probability of roots to grow in macropores depends on the abundance of pores in the soil (Hatano et al. 1988) and on 52 
the penetration resistance of the bulk soil (Hirth et al. 2005). While some studies (Stewart et al. 1999; Stirzaker et al. 53 
1996) observed that significantly more roots encountered macropores than what would be expected if root growth 54 
was purely random, others (Dexter 1986; McKenzie et al. 2009) assume that roots locate macropores only by chance. 55 
Kautz et al. (2013b) observed that roots use macropores to overcome hard soil layers, but then again re-enter the bulk 56 
soil. This is in line with the results by Hirth et al. (2005) who found roots to grow more frequently in macropores 57 
when the bulk density is higher. Dexter and Hewitt (1978), Stirzaker et al. (1996) and Hirth et al. (2005) observed 58 
that roots tend to grow over a longer distance in macropores that are aligned more vertically. Hatano et al. (1988), 59 
Stirzaker et al. (1996) and Valentine et al. (2012) have shown that root elongation in macropores is higher than in the 60 
surrounding bulk soil.  61 
Roots do not only use macropores as preferential pathways, but also take up nutrients from the pore walls, which 62 
were observed to be rich in nutrients (Athmann et al. 2014). Due to the generally low water content inside 63 
macropores when soil is dry (Laloy et al. 2010), root water uptake from the pore walls is vital (White and Kirkegaard 64 
2010). Knowledge about the root – macropore – soil contact is thus essential. Athmann et al. (2013) have shown that 65 
the way roots connect to the pore wall depends on the plant genotype. White and Kirkegaard (2010) and Kautz and 66 
Köpke (2009) found most roots to grow straight through the pore and connect to the pore wall by the help of root 67 
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hairs respectively lateral branches if they do not have direct contact. Athmann et al. (2013) observed that barley roots 68 
spiral down in large coils inside the pore wall. Field studies have shown that 85 % of the roots of a barley and oilseed 69 
rape crop, which were found in macropores established contact to the pore wall (Athmann et al. 2013). 70 
These plant scale observations converge with our current understanding how environmental stimuli influence root 71 
growth. Toyota and Gilroy (2013) physiologically analyzed the mechanisms of gravitropic and mechanical signaling 72 
in roots. Shkolnik et al. (2016) state the importance of hydrosensing, where roots grow away from low water 73 
potential towards higher water potential. Bao et al. (2014) observed that the formation of lateral roots depends on the 74 
availability of water in the vicinity of the root.  75 
The influence of macropores on root growth as well as on root water and nutrient uptake from the subsoil is hard to 76 
measure directly. Simulation models that describe root development in structured soils and water and nutrient fluxes 77 
in the root zone are therefore useful tools to interpret measurements that provide indirect information about uptake 78 
processes, e.g. soil water contents, plant nutrient contents and water and nutrient isotopic profiles in the soil and in 79 
the plant. Until now, only few models exist, which include the responses of roots to macropores (Vereecken et al. 80 
2016). Gaiser et al. (2013) modeled the effect of macropores on root development at the plot scale and Jakobsen and 81 
Dexter (1988) investigated the influence of macropores on root growth and water uptake in a water balance model. In 82 
these model simulations, the amount of roots that grow into macropores was prescribed or parameterized. But how 83 
this parameterization changes with changing soil properties (e.g. matric bulk density, amount and orientation of 84 
macropores) and root growth parameters (e.g. root growth responses to soil penetration resistance, gravity) cannot be 85 
predicted by these models but is required model input. Such predictions require explicit simulation of root growth 86 
and development at both the single root and the root system scale.  87 
In recent years, several different simulation models for the description of growing root systems have been developed. 88 
While the early models merely focused on the representation of the root system architecture, the later models are 89 
more complex and also include the influence of the surrounding soil. Most of these later models (Clausnitzer and 90 
Hopmans 1994; Pagès et al. 2004) calculate the rate and direction of root growth as the vector sum of various root 91 
segment length and direction-affecting components. Root growth models frequently use the concept of tropisms to 92 
represent the influence of plant physiological properties on the direction of root growth. The gradient of the 93 
environmental stimulus that triggers a certain tropism defines the direction in which the root tip will grow. Most root 94 
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growth models include the influence of gravitropism (Clausnitzer and Hopmans 1994; Leitner et al. 2010; Pagès et 95 
al. 2004) and some also take into account chemotropism and hydrotropism (Leitner et al. 2010; Tsutsumi et al. 96 
2003). The effect of soil heterogeneities on the direction of root growth is typically implemented similarly to the 97 
concept of tropisms: The gradient of soil mechanical resistance defines the direction of root growth, i.e. roots grow in 98 
the direction in which the soil resistance decreases most rapidly (Clausnitzer and Hopmans 1994; Pagès et al. 2004). 99 
The influence of soil mechanical resistance on the root growth direction is controlled by a sensitivity factor. 100 
However, using this ‘tropism approach’, we were not able to simulate root growth along the macropore wall or to 101 
simulate the way that roots appear to ‘find’ macropores in deeper soil layers and grow into them. Whilst the 102 
approach is logical and attractive in simulating root growth in bulk soil, it needs to be modified to enable the 103 
simulation of root growth in, along, and out of macropores. This is primarily due to large gradients in strength, 104 
geometry, and matric potential that change rapidly adjacent to macropore walls. Therefore, a more mechanistic 105 
description of root growth to determine the root growth direction seems necessary.  106 
This study presents a new method for computing root growth in soils with macropores. It distinguishes between the 107 
driving forces for root growth and anisotropy of soil strength, which is similar to the description of water flow in a 108 
soil with anisotropic hydraulic conductivity. The new ‘anisotropy approach’ is illustrated by the simulation of an 109 
experimental study by Stirzaker et al. (1996) on root growth in artificial macropores. Experimental and simulation 110 
results using both the tropism and anisotropy approach to model changes in root growth direction are compared 111 
visually and quantitatively. The potential of the anisotropy approach to simulate the effects of different macropore 112 
inclination angles, bulk soil penetration resistances, and gravitropism on root growth in structured soil are 113 
demonstrated by comparing simulation results with experimental data from Hirth et al. (2005). To evaluate its 114 
performance on root growth in a multi – layered soil domain containing macropores, we carried out a simulation 115 
study that was inspired by an experimental study by Dexter (1986).  116 
Material and Methods 117 
Model description 118 
In our new approach, we draw an analogy between the movement of a root tip and water flow in porous media (Bear 119 
2013). The root tip is pushed by a root inherent driving force into the soil. The direction of this driving force depends 120 
on the direction of the previous root segment and on a gravitational component that is directed downwards. This 121 
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driving force is counteracted by soil mechanical forces and friction. If the friction force depends on the direction of 122 
the movement, i.e. when the friction or soil resistance is anisotropic, the movement of the root tip will deviate from 123 
the direction of the driving force.  124 
In analogy with soil water flow, the direction of the root tip movement corresponds to the water flux vector, while 125 
the driving force represents the gradient of the water potential. Soil mechanical forces can be seen as the viscous 126 
friction forces that counteract water flow and thus the driving force. In the Darcy equation, the effect of these viscous 127 
forces on energy dissipation is represented by the hydraulic conductance tensor, which may show anisotropy. 128 
Analogous to the Darcy flow equation, we express the movement of the root tip by the following equation: 129 
𝐝 = 𝐤 ∙ 𝐅,      (1) 130 
where d is root tip movement vector, k is the soil mechanical conductance tensor that represents the ease with which 131 
the root can penetrate the soil and F is the driving force that influences the root growth direction.  132 
The soil mechanical conductance tensor k is a symmetric, second rank tensor with nine entry values defining 133 
conductances in the three principal directions:  134 
𝐤 = �kxx kxy kxzkyx kyy kyzkzx kzy kzz�.      (2) 135 
For an isotropic soil domain, where soil penetration resistance, or conductance as its inverse, is uniform in each 136 
direction, the conductance tensor k can be reduced to a diagonal matrix in which all diagonal entry values are 137 
identical. The direction of movement of the root tip then merely depends on the driving force. The simplest example 138 
of soil heterogeneity is a stratified soil domain where each layer has a different conductance. In accordance with soil 139 
hydraulic conductivity, the soil mechanical conductance in direction of the soil layering equals the arithmetic mean 140 
whereas the conductance perpendicular to the soil layering is equal to the harmonic mean of the individual soil layer 141 
conductances. If the direction of the soil layers, i.e. the axis of anisotropy, coincides with one of the axes of the 142 
Cartesian coordinate system, the conductance tensor is a diagonal matrix with three different entry values. If the 143 
layering or the axes of anisotropy are not aligned with the Cartesian coordinate system, the conductance tensor k is 144 
fully occupied with nine entry values. In an anisotropic medium, the root tip movement deviates from the direction 145 
of the driving force and is oriented towards the axis of anisotropy in which the conductance is largest and resistance 146 
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is smallest. Anisotropy in the soil domain can be caused by macropores, soil aggregation or differently compacted 147 
soil layers. Furthermore, local differences in soil water content e.g. due to root water uptake, also lead to anisotropy 148 
and affect the direction of root growth. Unlike the approaches by Clausnitzer and Hopmans (1994) and Pagès et al. 149 
(2004), no sensitivity factor is needed to weigh the influence of penetration resistance on the root growth direction.  150 
The driving force F could comprise several factors. We chose here the direction vector of the previous root segment 151 
and gravitropism. The direction of the previous root segment is expressed by the azimuth angle α and the polar angle 152 
β. To account for small scale variations in the soil matrix and to represent a random behavior of the root tip, random 153 
deflection angles γ and δ are added to α and β (Fig. 1).  154 
F =  �dx(α,β,γ,δ)dy(α,βγ,δ)dz(α,βγ,δ)� + sg� 00−1�;     (3) 155 
While the first term on the right hand side of equation (3) represents the previous growth direction vector of F, the 156 
second term expresses the gravitropism component with sg as gravitropism sensitivity factor.  157 
While the deflection of the azimuth angle γ is a uniformly distributed random angle between [0 2π], the deflection of 158 
the polar δ is a normally distributed random angle with mean zero and standard deviation σdl, which is calculated 159 
following the approach by Leitner et al. (2010). The standard deviation σdl is derived from the user defined unit 160 
standard deviation σ of a root segment of 1 cm length and the maximum root segment length dl, which is reached 161 
when soil penetration resistance equals zero. In probability theory, standard deviation decreases by the square root of 162 
the number of trials. If 1/dl (segments per cm) is regarded as the number of trials, the standard deviation σdl (° cm1/2) 163 
can be given as  164 
𝜎𝑑𝑑 = √𝑑𝑑 ∗ 𝜎.      (4) 165 
In this way, the deflection from the original root tip location does not depend on the spatial resolution of the root 166 
growth model. By using the maximum root segment length as normalization factor for the standard deviation of the 167 
random deflection angle, we create a dependency between σdl and soil penetration resistance. In this way, 168 
experimental observations of higher root tortuosity in more compact soil (Tracy 2013) are taken into account.  169 
 170 
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Mathematical formulation of the anisotropy approach to model changes in root growth direction 171 
We implemented our new model approach in the three dimensional numerical R-SWMS model (Javaux et al. 2008). 172 
This model couples the root growth model by Clausnitzer and Hopmans (1994) with a model that simulates water 173 
flow in the soil domain and in the root system (Doussan et al. 1998; Richards 1931). For the numerical solution of 174 
the water flow equation, the soil domain is discretized in a regular cubic grid of nodes. Initial soil hydraulic 175 
properties and soil bulk density are user defined input values and given explicitly for each node of the grid. The 176 
system of root branches consists of straight root segments. At each root growth time step, a new root segment 177 
emerges from the tip of a growing branch and moves the root apex to a new position. Length and orientation of the 178 
newly developed root segment are influenced by a soil mechanical conductance tensor and a root inherent driving 179 
force (equation (1)).  180 
Soil penetration resistance in the bulk soil is calculated for each grid node as a function of soil bulk density, soil 181 
water potential and effective saturation using the pedotransfer function developed by Whalley et al. (2007):  182 
log10 𝑅 = 0.35 ∗ log10(|𝜓| ∗ 𝑆𝑒) + 0.93 ∗ 𝜌𝑏 + 1.26,     (5) 183 
where R is the soil penetration resistance (kPa), ψ the water potential (kPa), Se the effective saturation (-) and ρb the 184 
soil bulk density (g cm-3). This pedotransfer function is based on the analysis of 12 different soils with varying bulk 185 
density and organic carbon, sand, silt and clay contents and can thus be assumed to be valid for a wide range of soils. 186 
Soil mechanical conductance k (kPa-1) is then determined as the inverse of soil penetration resistance R:  187 
k = 1
R
  .        (6) 188 
Soil penetration resistances respectively soil mechanical conductances are specified at each node of a grid cell. We 189 
assume that these nodal soil mechanical conductances are direction independent or isotropic properties. The eight 190 
nodal conductances of the grid cell in which the root tip is located are used to determine an average or grid cell 191 
conductance tensor (equation (2)), which is assumed to be constant within the grid cell. Homogeneous nodal root 192 
conductances lead to an isotropic soil mechanical conductance.  193 
In a regular cubic soil grid, macropores are designed in a stepwise structure by arranging grid cells on top or next to 194 
each other (Fig. 2). For whichever inclination angle of the macropore, the principal axes of anisotropy then either 195 
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coincide with or stand at an angle of 45 ° to one of the three axes of the Cartesian coordinate system. If macropores 196 
are the cause of soil anisotropy, it is thus sufficient to only consider four possible orientations of the axes of 197 
anisotropy. Rotating the Cartesian coordinate system by 45° around each one of its main axes gives us three local 198 
coordinate systems of anisotropy (Fig. 3). For each root tip, we then calculate four different conductance tensors and 199 
choose the one for which the contrast between the main axes of anisotropy is largest.  200 
In the simplest case where the main axes of anisotropy coincide with the axes of the Cartesian coordinate system, the 201 
conductance tensor is calculated as follows: In all three directions of the Cartesian coordinate system, the grid cell is 202 
virtually cut into two halves, which are regarded as two separate soil layers with different conductances. The average 203 
soil conductance of each half space of one grid cell is calculated as the arithmetic mean of the conductance values of 204 
the four corner nodes located within this half (Fig. 4, equation (7)):  205 
khx1 = k1+k2+k3+k44  .      (7) 206 
Each axis of the Cartesian coordinate system is aligned perpendicular to two half spaces of a grid cell. In line with 207 
hydraulic conductivity, the average conductance for each direction is calculated as the harmonic mean of the 208 
conductances of two opposing half spaces of a grid cell (Fig. 5, equation (8)).  209 
kxx =  21
khx1
+
1
khx2
 .       (8) 210 
In case that the main axes of anisotropy do not coincide with axes of the Cartesian coordinate system, we calculate 211 
the average soil conductance for each grid cell half perpendicular to the axes of the rotated coordinate system. The 212 
average soil conductance of the half space on either side of a rotated plane is the arithmetic mean of six weighted 213 
conductances: While the conductances of the two corner nodes, which lie within one half are given the weight 1, the 214 
conductances of the four corner nodes lying on the separating plane between two halves have the weight 0.5. The 215 
average conductance for each direction is then once again calculated as the harmonic mean of the conductances of 216 
two opposing grid cell halves. Fig. 6 and equations (9), (10) and (11) give an example for the calculation of the 217 
conductance in y’ – direction of the coordinate system that was rotated around the x-axis. 218 
𝑘′𝑦1 =  𝑘1+𝑘2+𝑘32 +𝑘42 +𝑘52 +𝑘624  ,       (9) 219 
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𝑘′𝑦2 =  𝑘7+𝑘8+𝑘32 +𝑘42 +𝑘52 +𝑘624  ,       (10) 220 
kyy′ =  21
𝑘𝑦′1
+
1
𝑘𝑦′2
 ,         (11) 221 
where k’y1 and k’y2 are the average conductances of the rotated halves of a grid cell in y’ direction, k1 to k8 are the 222 
conductance values of the corner nodes of the grid cell and k’yy is the conductance vector of the local coordinate 223 
system, which was rotated around the x-axis in y’ direction 224 
The three conductance tensors in their local coordinate systems are then mapped back onto the Cartesian coordinate 225 
system by the help of a rotation matrix (equation (12) following the approach by Lust (2001):  226 
k = Mrot ∗ k′ ∗ Mrot′  ,      (12) 227 
where k is the conductance tensor in the Cartesian coordinate system, k’ is the conductance tensor in the local 228 
coordinate system, 𝐌𝐫𝐫𝐫 is the rotation matrix and 𝐌𝐫𝐫𝐫′  is the conjugated rotation matrix.  229 
The length of a newly developed root segment is calculated as the product of root elongation rate and a user defined 230 
root growth time step. The root elongation rate Er (cm d-1) is assumed to be a function of soil strength. Bengough et 231 
al. (2011) observed that the soil penetration resistance sufficient to stop root elongation completely (Rmax, kPa) is a 232 
function of matric potential (ψ, kPa) and can be calculated as  233 
𝑅𝑚𝑚𝑚 = 4000 + 2.33 ∗ |𝜓|,      (13) 234 
In the bulk soil, Rmax corresponds approximately to the soil penetration resistance at the permanent wilting point (ψ = 235 
-1500 kPa).The root elongation rate is assumed to decrease linearly between zero and maximum soil penetration 236 
resistance. The actual root elongation rate can thus be calculated based on the fraction of the maximum root 237 
elongation rate by  238 
𝐸𝑟 = 𝐸𝑚𝑚𝑚 ∗ �1 − 𝑅𝑒𝑒𝑒𝑅𝑚𝑚𝑚�,      (14) 239 
11 
 
where Er (cm d-1) is the actual root elongation rate, Emax (cm d-1) is the maximum root elongation rate and Reff is the 240 
effective soil penetration resistance in the direction of the root tip growth. Reff is by definition the inverse of an 241 
effective conductance in the direction of root growth keff:  242 
𝑅𝑒𝑒𝑒 = 1𝑘𝑒𝑒𝑒;       (15) 243 
keff is a function of both the average conductance of the grid cell and the root inherent growth direction and is 244 
calculated as:  245 
𝑘𝑒𝑒𝑒 = �𝐤 ∙ 𝑭��,      (16) 246 
where 𝑭� is the unit length vector of the driving force. In this way, Er is reduced stronger if the root grows 247 
perpendicular to a hard soil layer than if it grows along a hard soil layer. This approach corresponds to observations 248 
by Kolb et al. (2012) who found that radial constrictions applied to roots did not significantly reduce root elongation 249 
rates, while axial constrictions did have a significant impact.  250 
 251 
Model assumptions for root growth in macropores 252 
In the case of a root growing within a grid cell at the interface between bulk soil and macropore, soil domain and 253 
macropore are regarded as two soil regions with different soil mechanical conductances that influence the direction 254 
in which the root will grow. The intensity with which a root is forced to grow towards the direction of higher 255 
conductance depends on both the conductances in the bulk soil and in the macropore. While the conductance in the 256 
bulk soil is calculated as the inverse of soil penetration resistance, the conductance in the macropore (kmacro) is 257 
unknown. To identify plausible values of kmacro, we analyzed the anisotropy of one single grid cell with four bulk soil 258 
and four macropore nodes. We define the degree of anisotropy (DA) according to Dal Ferro et al. (2014) as  259 
𝐷𝐷 = 1 − 𝑘𝑝𝑒𝑝𝑝
𝑘𝑙𝑙𝑙𝑙
,       (17) 260 
where kperp and klong are the conductances perpendicular and along the macropore – bulk soil grid cell half spaces 261 
(Fig. 7). A Da of 0 signifies perfect isotropy, while a DA of 1 represents maximum anisotropy. Fig. 8 shows the 262 
influence of different parametrizations of kmacro on anisotropy for typical minimum and maximum values of soil 263 
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penetration resistance. Assuming that the conductance in the macropore is much higher than in the bulk soil, 264 
anisotropy shall be well above 0. If the degree of anisotropy approaches 1, however, the influence of different soil 265 
conductances is no longer perceptible. We therefore assume macropore conductance values of 1e4 ≤ kmacro ≤ 2e5 266 
kPa-1 as most plausible. The conductance in the macropore can be regarded as a sensitivity factor, which influences 267 
the probability of a root to continue growing within the macropore or to re-enter the bulk soil.  268 
 269 
Model setup 270 
Using experimental model setups from literature, we built three simulation scenarios to assess the performance of our 271 
new model approach.  272 
Scenario 1: Visual comparison of simulation results with observed root growth patterns in structure soil 273 
For our first simulation scenario, we used an experimental study by Stirzaker et al. (1996) on root growth of barley 274 
(Hordeum vulgare cv. Yagan) in soil containing macropores at the plant root scale. The setup of the simulation 275 
model was designed according to the descriptions by Stirzaker et al. (1996). Undescribed model parameters were 276 
either taken from literature or approximated. The soil domain was a rectangular cuboid with a surface area of 277 
8.7 x 8.7 cm² and a depth of 20.1 cm, which we discretized to cubic grid elements of 0.1 cm side length. The bulk 278 
density of the boundary grid cells of the sides and the base of the soil domain were set to a virtual density of 4 g cm-3 279 
in order to simulate the impenetrable pot walls. Eight vertical macropores with a diameter each of 0.4 cm were 280 
arranged symmetrically around the center of the soil domain on a circle with a radius of 2.5 cm (Fig. 9). We used the 281 
soil properties of a sandy loam (table 1), which was packed to a bulk density of 1.77 g cm-3. We did not consider soil 282 
water flow and assumed hydrostatic equilibrium in the soil domain. The simulation runtime was set to 25 days.  283 
The simulated root system consisted of seven axes from which one emerged at day zero, three at day one and three at 284 
day three. The initial potential root elongation rate for barley was derived from literature (Materechera et al. 1991) 285 
and set to 1.2 cm d-1. Watt et al. (2006) observed the growth rates of roots to decrease with time and branch roots to 286 
grow more slowly than their parent axes. We thus reduced the elongation rate for 8 day old first order roots to 0.8 cm 287 
d-1. Root images by Stirzaker et al. (1996) show that roots grew in a low angle from the horizontal over the whole 288 
width of the pot before they turn downwards (Fig. 11 (a)). In order to reproduce these root growth patterns, 289 
sensitivity to gravitropism was set to the extremely low value of 0.005 for 1st order roots. Rose (1983) observed roots 290 
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of higher branching to be less gravitropic. Sensitivity to gravitropism for 2nd and 3rd order roots was thus reduced to 291 
0.001. The root tortuosity as displayed in Fig. 11 (a) could be best reproduced with unit standard deviations of the 292 
random angle of 45 °. The initial growth angle for axial roots was set to 0 °; the branching angle (relative to the 293 
parent roots) to 90 °. Branch spacing was estimated and set to a value of 0.6 days for 1st order roots and 0.4 days for 294 
2nd order roots.  295 
Root water uptake was not considered in the simulations. Soil water potentials were set so that simulated soil 296 
penetration resistances matched experimentally measured ones. We chose a whole pot matrix potential of -100 kPa, 297 
which resulted in soil penetration resistances of 2500 kPa and corresponded approximately to the experimentally 298 
observed values by Stirzaker et al. (1996), which lay between 2000 and 4000 kPa. The complete parameter set is 299 
presented in table 2, while the values for the different parametrizations are presented in table 3.  300 
Scenario 2: Quantitative comparison of simulation and experimental results on single root growth in inclined 301 
macropores 302 
For our second simulation scenario, we used an experimental study by Hirth et al. (2005) on the ability of seedling 303 
roots of rye grass (Lolium perenne L.) to penetrate the soil from artificial macropores under varying soil bulk 304 
densities and macropore inclination angles. The setup of the simulation model was designed according to the 305 
descriptions by Hirth et al. (2005). Undescribed model parameters were either taken from literature or approximated. 306 
The rectangular-shaped soil domain had a surface area of 3 x 1 cm² and a depth of 3 cm, which we discretized to 307 
cubic grid cells of 0.1 cm side length. One single macropore with an angle of 40 ° respectively 90 ° was inserted into 308 
the soil domain. Macropore and interface had a horizontal cross section area of 0.09 cm². The seed (starting point of 309 
the root tip) was placed at the edge of the macropore (Fig. 10). We used the soil properties of a silty loam with the 310 
texture indicated in table 1. The soil was packed to uniform bulk densities of 1.25, 1.38 and 1.50 g cm-³. In 311 
accordance with the experimental setup, macropore wall compaction was not considered. Hirth et al. (2005) kept the 312 
matric potential in the soil cores at a constant value of -5 kPa by connecting them to 0.5 m hanging columns of 313 
water. We therefore assumed that root water uptake does not significantly affect the surrounding soil and performed 314 
simulations without root water uptake. We did not consider soil water flow and assumed hydrostatic equilibrium in 315 
the soil domain. The simulation runtime was set to 7 days. 316 
14 
 
The simulation of only one single root without laterals reduced the required input parameters for root growth to 317 
potential root elongation rate, sensitivity to gravitropism, unit standard deviation of the random deflection angle and 318 
conductance in the macropore. A potential root elongation rate of 0.49 cm d-1, which we assumed to stay constant 319 
over time was best suited to reproduce the actual root lengths measured by Hirth et al. (2005). This value is within 320 
the range of the standard error of the mean of the potential root elongation rate for seedlings of annual ryegrass 321 
(L.rigidum) given by Materechera et al. (1991). The remaining root growth parameters were not experimentally 322 
determined and thus unknown. To evaluate the influence of different root growth parametrizations, we performed 323 
simulations with different combinations of these parameters (see table 3 for chosen parameter values). Altogether, 324 
we carried out 576 different simulations, which were the factorial combinations of three bulk densities, two 325 
macropore angles and a control soil domain without macropore, four sensitivities to gravitropism (sg), four unit 326 
standard deviations of the random deflection angle (σ) and four conductances in the macropore (kmacro). The 327 
complete parameter set is presented in table 2.  328 
To obtain representative simulation results of the stochastic process, which is generated by the random deflection 329 
angle, we performed 100 replicates of each simulation using different random seed numbers. Experimental results 330 
reported by Hirth et al. (2005) represent the average of 24 replicates, but no information of standard deviations was 331 
provided.  332 
Scenario 3: Virtual simulation experiment on root growth in a compacted subsoil layer that contains macropores 333 
For our third simulation scenario, we carried out a simulation experiment on single root growth in a two - layered 334 
soil domain where the compacted subsoil contained macropores. The simulation experiment represents the case of 335 
root growth in soil with a plough. The soil domain was a rectangular cuboid of 3 cm side length in each direction, 336 
which we discretized to cubic grid cells of 0.1 cm side length. We implemented two different soil layers into this soil 337 
cube: a topsoil layer with a bulk density of 1.25 g cm-3 in the upper 1.5 cm of the cube and an impenetrable subsoil 338 
layer with a bulk density of 3 g cm-3 in the lower 1.5 cm of the cube. Additionally, we inserted eight macropores into 339 
the compacted subsoil layer. They were aligned symmetrically in a square with a distance of 0.9 cm to the borders of 340 
the soil cube (Fig. 15). Each macropore was made up of nine grid nodes with macropore properties. We used root 341 
growth parameters from the previous example for rye grass (Lolium perenne L.) with a sensitivity to gravitropism of 342 
0.05 and a unit standard deviation of the random angle of 45 °. Root water uptake was not included. We did not 343 
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consider soil water flow and assumed hydrostatic equilibrium in the soil domain. The simulation runtime was set to 344 
10 days. We performed only one simulation. The complete parameter set is presented in table 2.  345 
Results 346 
Scenario 1: Visual comparison of simulation results with observed root growth patterns in structure soil 347 
We used both the tropism and anisotropy approach in order to simulate the experimental observations by Stirzaker et 348 
al. (1996). The quality of the simulation results was evaluated visually by comparing 2D-images of the simulated and 349 
the experimental root systems and quantitatively by comparing total root lengths and root length density profiles 350 
(RLD profiles).  351 
Both approaches led to simulation results where the roots predominantly did use macropores as preferential growth 352 
pathways. The root growth behavior within macropores, however, was different: Using the tropism approach, the 353 
roots only slowly grew downwards while spiraling horizontally over the whole cross section of the macropore; using 354 
the anisotropy approach, the roots grew straight downwards along the pore wall, which better captures experimental 355 
observations (Fig. 11). The simulation results in Fig. 11 are displayed in a layout so as to resemble the original figure 356 
from Stirzaker et al. (1996), Fig. 6c. We found a total root length of 750 cm for the simulated root system, which 357 
corresponds well to the experimentally observed one of 720 cm.  358 
We determined the RLD profile from the original 2D image from Stirzaker et al. (1996), Fig. 6c with the help of the 359 
image analysis tool Root System Analyzer (Leitner et al. 2014) and compared it with the RLD profiles of the 360 
simulated 3D root systems (Fig. 12). It must be noted that the RLD profile obtained from the 2D image from 361 
Stirzaker et al. (1996) can only be an approximation of the RLD profile of the real root system due to low image 362 
resolution and the two dimensional representation of a three dimensional root system. The RLD profile produced 363 
with the anisotropy approach was able to capture the larger root length density in the upper 5 cm of the soil domain, 364 
which then decreased sharply. The RLD profile produced with the tropism approach largely overestimated RLD in 365 
the upper soil domain, while underestimating it in the lower soil domain. The root length density within macropores 366 
(area between the dashed and the solid line) as a percentage of total RLD was similar for the experimental RLD 367 
profile (26 %) and the simulated RLD profile produced with the anisotropy approach (21 %).  368 
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Scenario 2: Quantitative comparison of simulation and experimental results on single root growth in inclined 369 
macropores 370 
Simulation and experimental results by Hirth et al. (2005) were compared quantitatively. We used the characteristics 371 
total root length (cm) and root length fraction that remained within the macropore (%) as a means of comparison 372 
between experiment and simulation. The variability of the averaged results of different simulations is caused by 373 
different parameter combinations, while the variability of the individual results is the random variation between the 374 
100 replicate simulations. 375 
Influence of different macropore inclination angles and different bulk densities 376 
Fig. 13 shows a comparison between the simulation results obtained with a randomly chosen parametrization (sg = 377 
0.05, σ  = 45 °, kmacro = 8e4 kPa-1), and the experimental results by Hirth et al. (2005) for a smooth macropore wall. 378 
The simulations captured well the experimental observations of increasing root length fractions within the macropore 379 
with an increasing macropore inclination angle from the horizontal. In accordance with the experimental 380 
observations, different levels of bulk density only had an effect on the roots growing in the 40 ° inclined macropores. 381 
Simulations were able to reproduce the experimentally observed increase in root length fractions within the 382 
macropore for increasing levels of bulk density. Due to this increase, total root lengths did not decrease for 383 
increasing levels of bulk density. Compared to root growth in a homogeneous soil domain with equal bulk density, 384 
the presence of macropores increased total root lengths by 20 % to 40 %.  385 
Quantitative simulation results: 90 ° - inclined macropore  386 
In the case of a 90 ° inclined (vertical) macropore, all simulated roots remained within the macropore for all different 387 
parameter combinations. They reached average root lengths between 2.8 cm and 3.3 cm and thus grew at 83 % to 388 
98 % of the potential root elongation rate. These results correspond well to the findings by Hirth et al. (2005) who 389 
measured average root length fractions in macropores between 83 % and 90 % and total root lengths between 2.9 cm 390 
and 3.1 cm.  391 
Quantitative simulation results: 40 ° - inclined macropore  392 
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In the case of a macropore with 40 ° inclination, the simulated average root length fraction within a macropore 393 
reached – depending on the parametrization - values between 18 % and 60 %. Simulated averaged total root lengths 394 
ranged from 2.5 cm to 3.0 cm. The root thus grew at 74 % to 89 % of the potential root elongation rate. Hirth et al. 395 
(2005) found – depending on the roughness of the macropore walls – root length fractions within macropores 396 
between 14 % and 86 % and total root lengths between 1.9 cm and 3.0 cm. Both simulated root length fractions 397 
within macropores and total root lengths were thus in acceptable agreement with experimental results.  398 
Influence of different parametrizations on the simulation results of the 40 ° inclined macropore 399 
Fig. 14 gives an overview of the influence of different parametrizations (table 3) on simulated root length fractions 400 
remaining within a 40 ° inclined macropore. Different parametrizations of bulk density and conductance in the 401 
macropore (kmacro) were pooled in the parameter ‘degree of anisotropy’ (Fig. 7, equation (17)).  402 
To evaluate the influence of different degrees of anisotropy on root length fractions remaining within the macropore, 403 
we fitted linear regression lines to the simulation results of each parameter combination. As expected, increasing 404 
degrees of anisotropy led to an increase in root length fractions within a macropore for nearly all parameter 405 
combinations. The coefficients of determination show that the variability of the simulation results increased both 406 
with increasing standard deviations of the random angle and decreasing sensitivities to gravitropism. For parameter 407 
combinations including a sensitivity of gravitropism of 0.005, no regression line could be fitted due to the high 408 
variability of the simulation results. There is a trend of increasing root length fractions and decreasing rates of 409 
increase both with increasing standard deviations of the random angle and decreasing sensitivities to gravitropism, 410 
but the pattern is not consistent. For individual simulations, root length fractions within macropores of up to 100 % 411 
could be reached; the maximum value for the intercept of a regression line with a degree of anisotropy of 1, however, 412 
was only 50 %.  413 
Influence of the roughness of macropore walls 414 
Hirth et al. (2005) performed experiments with smooth and scarified macropore wall reliefs. They found significant 415 
differences in both root length fractions within macropores and total root lengths for the two different treatments. 416 
Larger root length fractions remained within the smooth macropore (averaged over all bulk density levels, 68 %) 417 
than within the scarified macropore (averaged over all bulk density levels, 38 %). Consequently, total root lengths 418 
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were larger for roots growing in smooth macropores (on average 2.85 cm) than for roots growing in scarified 419 
macropores (on average 2.3 cm). In the simulation model, it is not possible to directly take into account macropore 420 
wall roughness. However, the influence of wall roughness can be controlled indirectly via the conductance in the 421 
macropore. In the parametrization example from Fig. 13, an increase of kmacro from 2e4 kPa-1 to 8e4 kPa-1 led to an 422 
increase in the average root length fraction within the macropore from 33 % to 44 % if averaged over all bulk density 423 
levels.  424 
Scenario 3: Virtual simulation experiment on root growth in a compacted subsoil layer that contains macropores 425 
The simulation result produced with the anisotropy approach captured well the expected root growth behavior (Fig. 426 
15 (b)). When reaching the compacted subsoil layer, the root grew horizontally along it keeping constant contact to 427 
the soil layer until it encountered a macropore. It then entered the pore and grew straight down along the pore wall. 428 
Using the tropism approach (Fig. 15 (a)), the root was not able to enter the macropore, but oscillated around its 429 
opening without entering it.  430 
Discussion 431 
Concepts of root growth models and their parameters are difficult or even impossible to validate or derive from 432 
direct measurements. However, by comparing simulated root architectures with experimentally observed ones, 433 
different concepts can be compared with each other and more appropriate ones can be identified. In this study we 434 
demonstrated that our new anisotropy approach to simulate changes in root growth direction due to soil penetration 435 
resistance is more appropriate to describe the development of root systems in soil with macropores. Data from 436 
experiments in which parameters like the macropore inclination angle and the matric bulk density were 437 
systematically varied could be used to constrain parameters of the root growth model. It must be noted that these 438 
experiments were not designed with the purpose of calibrating or validating a root growth model. Using a simulation 439 
model to design or plan such experiments could be beneficial to measure variables that contain additional 440 
information and allow a better determination of model parameters. In this example, the variability of root lengths and 441 
root length fractions within macropores could have been an additional source of information since it differed strongly 442 
between simulations using different parameter values.  443 
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Hirth et al. (2005) showed that the roughness of macropore walls has a significant influence on the probability of a 444 
root to continue growing within a macropore or to re - enter the bulk soil. For the simulation of roots growing in 445 
natural macropore networks, knowledge about the macropore wall roughness is thus mandatory. Combined 446 
information on root growth in macropores and on the roughness of earthworm burrow walls or root channels such as 447 
provided by Leue and Gerke (2016) could be used to calibrate the simulation model in that way.  448 
Macropore walls were observed to be richer in nutrients than the surrounding bulk soil (Athmann et al. 2014; Barej 449 
et al. 2014; Jiménez et al. 2003). For simulations of root growth in macropores including nutrient uptake, information 450 
about the root – macropore wall contact is thus essential.  451 
The new model approach was developed for a simulation domain that is discretized into a regular cubic grid of 452 
nodes. If used in a model with a different description of the simulation domain, an alternative approach must be 453 
devised for the calculation of soil mechanical conductances. An example for such a model is RootBox (Leitner et al. 454 
2010), where soil physical properties are not assigned to grid nodes, but implemented in a lattice-free way using 455 
signed distance functions.  456 
For simulations of root growth in macropores on a scale larger than the single root scale, we rely on extensive 457 
experimental data to parametrize and validate the model. Non – invasive methods such as rhizotron studies 458 
(Kuchenbuch and Ingram 2002; Nagel et al. 2012; Tracy et al. 2010) may provide reliable information on root 459 
elongation rates and root growth parameters. Imaging methods such as X-ray computed tomography (Rab et al. 460 
2014; Tracy et al. 2010) or magnetic resonance imaging (Gruwel 2014; Stingaciu et al. 2013) can be used to 461 
characterize the spatial distribution of both macropore networks and plant roots in 3D and additionally to visualize 462 
and quantify soil water dynamics including preferential flow (Sammartino et al. 2015).  463 
Our new anisotropy approach to model the effect of macropores on root growth direction is part of the mechanistic 464 
3D model for water and solute transport in the soil-root system, R-SWMS (Javaux et al. 2008). Thus, it is a 465 
contribution to a better understanding of underlying processes and feedback loops of soil - plant interactions on the 466 
root system scale.  467 
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Table 1: Texture of soils used in the simulation scenarios 1, 2 and 3 
Simulation scenario FAO soil classification Sand (%) Silt (%) Clay (%) 
Scenario 1 Sandy loam 74 12 14 
Scenario 2 and 3 Silty loam 55.8 26.6 12.3 
 
 
Table 2: Model parametrizations for simulation scenarios 1, 2 and 3 
 
Geometry of the soil 
domain   Root growth parameters Simulation 
runtime 
 L W D ρb ψ Emax nbas basang brnang brspac σ sg kmacro 
 (cm) (cm) (cm) (g cm
-3) (kPa) (cm d-1) (-) (°) (°) (d-1) (°) (-) (kPa-1) (d) 
Scenario1 8.7 8.7 20.1 1.77 -100 1.2 (0.8) 6 0 90 
0.6 
(0.4) 45 
0.005 
(0.001) 2.00E+05 25 
Scenario2 3 1 3 Table 3 -5 0.68 - - - - Table 3 Table 3 Table 3 7 
Scenario3 3 3 3 1.25 resp. 3 -15 0.68 - - - - 45 0.05 1.00E+05 10 
Values in parentheses indicate parametrizations for 2nd and 3rd order roots, L Length, W Width, ρb bulk density, ψ soil matric potential, Emax maximum elongation 
rate, nbas number of basal roots, basing basal root angle, brnang branching angle, brspac branch spacing, σ unit standard deviation of the random angle, sg 
sensitivity to gravitropism, kmacro conductance in the macropore 
Table 3: Values for different parametrizations of scenario 2 
Inclination angle of 
the MP 
(°) 
Soil bulk 
density, ρb 
(g cm-3) 
Root growth parameters 
Sensitivity to 
gravitropism, sg 
Unit stdev of the 
random angle, σ 
Conductance in the 
MP, kmacro 
(-) (°) (kPa-1) 
No macropore 1.25 0.005 5 2.00E+4 
40 1.38 0.05 45 3.00E+4 
90 1.50 0.1 90 5.00E+4 
  0.2 180 8.00E+4 
 
Fig. 1 Direction of the root segment expressed by the azimuth angle α with random deflection γ and the polar angle β 
with random deflection δ 
Fig. 2 Stepwise structure of a 45 ° and a 60° inclined macropore 
Fig. 3 Four local coordinate systems are sufficient to describe all possible main axes of anisotropy in a regular cubic 
grid. The planes perpendicular to the local coordinate axes are used to divide one cubic soil element in two half-
spaces that are used to compute local average conductances (e.g. Fig. 5) 
Fig. 4 Average conductance of one half space of a grid element perpendicular to the x- axis 
Fig. 5 Conductance perpendicular to the conductances of the two half spaces 
Fig. 6 Separating plane between two halves perpendicular to the y’ – direction of the local coordinate system which 
was rotated around the x – axis 
Fig. 7 The degree of anisotropy is one minus the ratio between the conductance perpendicular to (kperp) and along 
(klong) the plane that separates macropore from bulk soil and the bulk soil plane 
Fig. 8 Influence of kmacro on the degree of anisotropy for typical minimum and maximum values of ksoil 
Fig. 9 Side (a) and top (b) view of the soil domain with a 25 – day old barley root, scenario 1;  the bulk soil is 
displayed in light grey, while the macropores are presented in dark grey and the root in black 
Fig. 10 Soil domain, scenario 2; the bulk soil is displayed in light grey, while the macropores are presented in dark 
grey and the root in black 
Fig. 11 Front view of barley roots growing in dense soil with macropores for 25 days: (a) Experimental results by 
Stirzaker et al. (1996), (b) Simulation results produced with the tropism approach, (c) Simulation results produced 
with the anisotropy approach 
Fig. 12 Root length density profiles of barley roots growing in dense soil with macropores for 25 days: (a) RLD 
profile for original 2D image by Stirzaker et al. (1996), (b) RLD profile for simulated 3D root system produced with 
the tropism approach, (c) RLD profile for simulated 3D root system produced with the anisotropy approach 
Fig. 13 Simulated and experimentally found relative root lengths within macropore and bulk soil; the first column (I) 
shows the simulation results obtained with a randomly chosen parametrization (sg= 0.05, σ=45 °, kmacro = 8e4 kPa-
1), while the second (II) column illustrates the experimental results by Hirth et al. (2005). The different rows show 
results for different levels of soil bulk density (ρb low, ρb med, ρb high). The inclination angles of the colored lines 
represent the macropore inclination angles (40°, 90°); the different colors indicate the different locations of the root 
within the soil domain (macropore, bulk soil). The length of the colored lines represents the relative root length 
which is the total root length normalized with the length of a root growing in a soil domain with equal bulk density, 
but without macropore. Each line in the first column represents the average of 100 individual simulations. Each line 
in the second column represents the average of 24 individual simulations 
Fig. 14 Influence of different parametrizations of sensitivity to gravitropism (sg), unit standard deviation of the 
random angle (σ) and degree of anisotropy on the fractions of root lengths remaining within a 40°  inclined 
macropore. Each separate figure shows the results of 1200 individual simulations (100 replicates for 12 different 
degrees of anisotropy). R² specifies the coefficient of determination of the linear regression line that was fitted to the 
simulation results 
Fig. 15 Soil domain and root simulated with the tropism (a) and the anisotropy (b) approach; the topsoil layer is 
presented in dark grey, the subsoil layer in light grey; the macropores are displayed in light grey and the root in 
black.  
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